Pre-exposure prophylaxis (PrEP) with antiretroviral (ARV) drugs are effective at preventing human immunodeficiency virus (HIV) transmission. However, implementation of PrEP presents significant challenges due to poor user adherence, low accessibility to ARVs and multiple routes of HIV exposure. To address these challenges, we developed the nanochannel delivery implant (NDI), a subcutaneously implantable device for sustained and constant delivery of tenofovir alafenamide (TAF) and emtricitabine (FTC) for HIV PrEP. Unlike existing drug delivery platforms with finite depots, the NDI incorporates ports allowing for transcutaneous refilling upon drug exhaustion. NDI-mediated drug delivery in rhesus macaques resulted in sustained release of both TAF and FTC for 83 days, as indicated by concentrations of TAF, FTC and their respectively metabolites in plasma, PBMCs, rectal mononuclear cells and tissues associated with HIV transmission. Notably, clinically relevant preventative levels of tenofovir diphosphate were achieved as early as 3 days after NDI implantation. We also demonstrated the feasibility of transcutaneous drug refilling to extend the duration of PrEP drug delivery in NHPs. Overall, the NDI represents an innovative strategy for long-term HIV PrEP administration in both developed and developing countries.
Introduction
Human immunodeficiency virus (HIV) remains a global health problem with approximately 36.7 million people living with the virus, and an estimated 2.1 million new cases per year [1] . According to the Prevention gap report, efforts to decrease new adult HIV infections are substantially off track [2] . The decline in new HIV infections has been stagnant since 2010, and there is an alarming estimate of 57% increase in new infections in certain regions. In order to avoid resurgence of HIV incidence rates, concerted global efforts are focused on HIV prevention strategies. Of note, biomedical intervention using co-formulated tenofovir (TFV) disoproxil fumarate (TDF) and emtricitabine (FTC) antiretroviral ARV drugs as pre-exposure prophylaxis (PrEP) is highly effective at preventing HIV transmission when taken daily as prescribed [3] [4] [5] [6] [7] [8] . However, according to clinical studies, the efficacy of PrEP is limited by user adherence to the regimen [9] . Strict adherence to PrEP regimen of at least 4 doses a week reduced HIV transmission risk by up to 96%, whereas lower adherence resulted in preventative efficacy of only 42% [3-5, 10, 11] . These clinical studies highlight the importance of user adherence for maximal PrEP efficacy. The target is to have 3 million high risk individuals on PrEP by 2020, however according tocoverage is only at < 10% of the 2020 target, considerable effort is needed to extend PrEP provision and implementation [12] .
HIV PrEP modalities include local or systemic interventions that are administered on a fixed schedule or exposure-driven manner. Local approaches such as topical gels [13] [14] [15] and self-inserted vaginal rings [16] [17] [18] [19] [20] that contain ARVs have shown modest success at preventing HIV in comparison to once-daily oral FTC/TDF pill [21] . A systemic intervention approach offers the advantage of simultaneous protection from infection in multiple compartments of exposure [22] . Accordingly, extensive research is focused on developing long-acting ARV strategies including long-acting (LA) injectables or implants, which reduce dosing frequency to improve PrEP implementation and adherence. Investigational LA injectables for PrEP, such as cabotegravir and rilpivirine, are administered at 8-12 weeks interval through intramuscular injection. Plasma cabotegravir levels were detectable up to 52 weeks after one injection, suggesting the potential effectiveness of LA injectables for PrEP. However, once injected there is no way to remove the drug should the individual develop drug-related adverse events. While longacting injectables eliminate the need for once daily ARV pills, the issue of adherence to injection schedule remains. An alternative LA strategy being explored is subcutaneous implants for sustained ARV delivery, with encouraging results in in vitro and in vivo studies in beagle dogs [23, 24] . Further, the Medici Drug Delivery System™ developed by Intarcia Therapeutics, which is a matchstick-sized subcutaneous implant utilizing an osomotic mini-pump for drug delivery, is currently under investigation for HIV PrEP. While these sustained drug delivery depots are a promising systemic PrEP strategy and can be removed if the individual develops side effects, they require explantation and reimplantation procedures upon drug exhaustion.
To overcome adherence challenges and improve on current PrEP delivery strategies, we present the nanochannel delivery implant (NDI), a subcutaneous implant for sustained systemic ARV delivery with a transcutaneous refillable feature for drug replenishing. The NDI is composed of biocompatible components, including a medical grade titanium drug reservoir, a silicon nanochannel membrane to control drug release and two resealable silicone drug loading ports for transcutaneous refilling. Sustained and constant drug delivery is achieved via diffusion through the nanochannel membrane, obviating the need for pumps, catheters, or clinician intervention. In this study, we investigated the sustained release of FTC and tenofovir alafenamide (TAF) via the NDI in in vitro studies and in rhesus macaques. Daily FTC (200 mg)/TAF (25 mg) single tablet combination is United States Food and Drug Administration (FDA) approved for HIV treatment. The safety and efficacy of FTC/TAF is currently being evaluated for HIV PrEP (NCT02842086). Unlike TDF, TAF remains stable in the plasma where it can diffuse into cells and conversion into TFV primarily occurs intracellularly in targeted lymphoid cells, followed by phosphorylation into the active metabolite TFV-diphosphate (TFV-DP) [25] . Thus, TAF administration results in low plasma TFV levels and high intracellular levels of TFV-DP, effectively minimizing kidney and bone-related side effects while maximizing drug potency [26] . Similarly, FTC is phosphorylated intracellularly into active metabolite, FTC-triphosphate (FTC-TP).
Here, we first conducted in vitro analyses of TAF and FTC release from the NDI to assess drug release rate. We next performed a pilot study in a rhesus macaque to gain insight into achievable target dose of ARV delivery via the NDI and to establish the efficacy of the NDI to sustainably deliver ARV. Next, we expanded the study to three rhesus macaques to evaluate sustained ARV delivery over a period of 3 months and establish proof of concept for transcutaneous refilling. We evaluated the pharmacokinetics of TAF and FTC, and their respective drug metabolites, in plasma, PBMCs, and anatomic sites associated with HIV transmission. Based on a post hoc analysis of IPREX and other clinical studies, TFV-DP concentration of 40 fmol/10 6 cells for freshly lysed peripheral blood mononuclear cells (PBMCs) or 16 fmol/10 6 cells for viably cryopreserved PBMCs was associated with 90% reduction in HIV infection risk (EC 90 ) in men who have sex with men (MSM) [11, 27] . As for FTC-TP, the EC 90 is 5000-6000 fmol/10 6 cells for freshly lysed
PBMCs and 3700 fmol/10 6 cells for viably cryopreserved PBMCs in MSM. We primarily focused on the levels of active drug metabolites, TFV-DP and FTC-TP in PBMCs in our studies as an indicator of effective in vivo drug delivery from the NDI. Finally, we evaluated the feasibility of transcutaneous refilling to extend the duration of drug release without device explantation.
Materials and methods

Study design
This study was designed to investigate the efficacy of HIV PrEP drug release from subcutaneously implanted devices in rhesus macaques. For initial feasibility assessment, a short-term pilot study of 22 days was conducted using one animal. This animal was implanted with three nanofluidic drug delivery devices, each releasing PBS (control), TAF, or FTC, to determine achievable in vivo drug concentration over 3 weeks. The second study was expanded to three animals with an extended study duration of 83 days. In this second study, each animal was implanted with two nanofluidic devices, each releasing either TAF or FTC. The primary objective of the second study was to evaluate long term in vivo drug delivery via the nanofluidic device. The secondary objective was to assess an additional parameter of transcutaneous drug refilling to replenish reservoir and maintain constant drug release. Blood draws and swabs were performed at pre-determined time points as specified in figures. HPLC was performed to analyze drug concentration in in vitro experiments whereas LC-MS/MS was performed to analyze drug concentration in in vivo experiments. Data analyses were performed as described.
Materials
Tenofovir alafenamide (TAF) and emtricitabine (FTC) were kindly provided by Gilead Sciences, Inc. (Foster City, CA).
Nanochannel delivery implant (NDI)
Silicon microfabricated membranes presenting 20 and 250 nm nanochannels were used [28, 29] . Respectively, these membranes house 340,252 and 1,900,800 slit-nanochannels parallel to the membrane surface, densely organized in square arrays and connected to the membrane inlet and outlet via arrays of microchannels (Fig. 1 A) . All nanochannels were obtained in a bioinert and biocompatible TaN coated structure with strict dimensional tolerances (~4.4 Å) via a sacrificial layer technique [29] . The nanochannel membranes were immersed in 100% isopropanol to promote wetting of all channels and then rinsed with Millipore water prior to use [29, 30] . Implantable medical-grade titanium reservoirs and silicon plugs were autoclaved and maintained in a sterile field for assembly and loading. For the pilot study, we mounted 20 nm nanochannel membranes along with silicone septa each onto a reservoir (16.6 mm × 16.6 mm) with UV epoxy (EPOTEK # OG116-31). The devices were empty or loaded with either powder FTC (69.1 mg) or TAF (72.9 mg) and sealed with silicone (NUSIL Technology # MED3-4213). For the empty device, phosphatebuffered saline (PBS) was injected through the septum with a 30 gauge needle. For the drug-filled devices, PBS was injected through the loading port with a 30 gauge needle while a needle in the venting port was maintained to vent out excess air indicating the membrane had been fully primed (Fig. 1G) . For the transcutaneous refilling study, NDI with reservoirs of either approximately 6 ml or 3 g (FTC; 43 mm × 28.5 mm × 8.7 mm; 250 nm nanochannel) and 550 μl or 200 mg (TAF; 5 mm × 20 mm × 12.3 mm; 20 nm nanochannel) were fabricated with implantable medical-grade titanium (Ti6Al4V), loaded with powder drug, and sealed with UV epoxy (EPOTEK # OG116-31).
Drug loading ports were closed with silicon septum and the edges sealed with UV epoxy. The membranes were primed with PBS as in the pilot study.
In vitro release studies
Cylindrical implants were loaded with either 2.6 mg of TAF (n = 4) or 2.8 mg of FTC (n = 4) and placed in sink solution of 2.5 ml 1X PBS in a cuvette for ultraviolet/visible (UV/Vis) spectroscopy measurements. In vitro analysis was performed with a custom robotic carousel interfaced with a UV/Vis spectrophotometer (Cary 50, Agilent Technologies) [31] by collecting absorbance measurements of the sink solution (λ = 260 nm for TAF and 280 nm for FTC) every 4 min 45 s with continuous magnetic stirring of sink solution. This setup was adopted to minimize the experimental error and substantially increase the number of collected data points.
HPLC measurement of residual drug analysis from implant
Residual drug solution from used implants was extracted from the silicone plugs on the devices using a 20 G needle before the device was opened and left in 100% methanol overnight. TAF residual was brought up to 10 ml in 100% methanol using a volumetric flask while FTC was brought up to 25 ml. The concentrations of TAF and FTC were measured by adapting a previously described method for HPLC with UV detection (Hitachi Chromaster) [24] . A Restek (Bellefonte, PA, USA) Ultra-biphenyl column (2.1 × 100 mm, 5 μm) controlled at 30°C was used as the stationary phase. A solution of 1% acetic acid, 3% acetonitrile, and water was used as mobile phase preparation A while acetonitrile was used as mobile phase B to follow the gradient program listed in Supplemental Table 1 with a flow rate of 0.50 ml/min and a detection wavelength of 260 nm. Injection volume was 20 μl, and total run time was 14 min. The retention times for TAF and FTC were 9 min and 4.5 min, respectively.
Animals
The pharmacokinetics and preliminary safety animal study were conducted at the AAALAC-I accredited Michale E. Keeling Center for Comparative Medicine and Research, The University of Texas MD Anderson Cancer Center (UTMDACC), Bastrop, TX. All animal experiments were carried out according to the provisions of the Animal Welfare Act, PHS Animal Welfare Policy, and the principles of the NIH Guide for the Care and Use of Laboratory Animals. All procedures were approved by the Institutional Animal Care and Use Committee at UTMDACC. Rhesus macaques (Macaca mulatta; n = 4) of 2, 14, 15 and 19 years were used in the study. Animals were housed under standard conditions, had ad libitum access to water and a standard laboratory diet.
Implantation procedure
The anesthetized animal was placed in ventral recumbency and the surgical site aseptically prepared. A skin incision was made parallel to the vertebral column in the dorsal scapular region. Within the incision line, a subcutaneous pocket large enough to accommodate the size of the implant was made by blunt dissection for placement of the implant. The device was placed in the subcutaneous pocket with the drug-eluting side facing the dermis and the drug refilling ports facing up towards the epidermis. The skin and subcutaneous incisions were closed with 
Blood collection, plasma and PBMCs sample preparation
Blood (7 ml) was collected in EDTA coated vacutainer tubes (Becton, Dickinson and Company, Franklin Lakes, NJ) twice weekly for the first month and once weekly thereafter. Plasma was separated from blood by centrifugation at 1200 ×g for 10 min (min) at 4°C and stored at −80°C till further use. Remaining blood was used for PBMCs separation by the standard Ficoll-Hypaque (SIGMA, Histopaque-1077), centrifugation. Cell viability was > 95%. After counting cells, cells were pelleted by centrifugation at 400 ×g at 4°C for 10 min and resuspended in 500 μl of cold 70% methanol/30% water, and stored at −80°C until drug concentration analysis.
Rectal biopsy and rectal mononuclear cell isolation
Rectal biopsies were performed once a month. Rectal biopsies were collected in 30 ml PBS, washed once with 30-40 ml of PBS, centrifuged and resuspended in 25 ml PBS containing 0.5 mg/ml collagenase (C2139 type VIII) and 15 μg/ml DNaseI and digested at 37°C for 30-60 min in incubator shaker (300 rpm). After digestion, cell suspension was passed through a 70 μm cell strainer twice. Cell viability was > 95%. The cell pellet was stored at −80°C in 70% methanol until drug concentration analysis.
Quantification of TAF, TFV and FTC plasma, cervicovaginal fluid and tissue concentrations
TFV, FTC, and TFV-DP concentrations in plasma, tissue, cervicovaginal fluid (CVF), and rectal fluid (RF) were quantified using previously described liquid chromatographic-tandem mass spectrometric (LC-MS/MS) analysis [32, 33] . Plasma TAF quantification of threemonkey study was performed using a method validation in accordance with FDA Bioanalytical guidelines. Briefly, 0.1 ml of plasma was subjected to solid phase extraction; analytes were ultimately separated via liquid chromatography using a Waters Acquity UPLC system interfaced with a API5000 mass analyzers (SCIEX, Foster City, CA). Chromatographic separation occurred using a Zorbax Eclipse Plus C18 Narrow Bore RR, 2.1 × 50 mm, 3.5 μm column (Agilent, Wilmington, DE). TAF was quantified using 13 C 5 -TFV as an internal standard; transitions for TAF and the internal standard were m/z 477.3 → 176.0 and m/z 293.1 → 181.1, respectively. TFV and FTC concentrations in oral fluid (OF) were quantified from a RF standard curve using a modified version of the aforementioned LC-MS/MS method. Assay lower limits of quantification (LLOQ) were as follows: Plasma TFV and FTC: 0.31 ng/ ml, TAF: 0.03 ng/ml; CVF, RF, and OR: TFV, 5 ng/ml; FTC, 20 ng/ml; tissue TFV: 0.05 ng/sample, TFV-DP: 50 fmol/sample; FTC: 0.25 ng/ sample. Tissue concentrations were normalized to ng/mg or fmol/mg based on the weight of tissue analyzed. Median tissue weights used for analysis were 35.6 mg. Plasma and swabs from one-monkey pilot study were analyzed for TAF, TFV and FTC concentrations using Waters Xevo TQ-S mass spectrometer coupled to Waters Acquity UPLC with analytical column Phenomenex Synergi Fusion 4 μm, 2 × 150 mm at the Pharmaceutical Science Facility of the University of Texas at MD Anderson Cancer Center.
Quantification of PBMC TFV-DP and FTC-TP concentrations
TFV-DP and FTC-TP were quantified in freshly lysed PBMCs using a validated LC-MS/MS assay, as previously described [34] . The quantifiable linear range for TFV-DP was 2.5-2000 fmol per sample and for FTC-TP was 0.1-200 pmol per sample. Approximately 2 million total cells were used for analysis, and results were reported as fmol per million PBMCs.
Quantification of rectal mononuclear cells TFV-DP and FTC-TP concentrations
TFV-DP and FTC-TP concentrations in freshly lysed rectal mononuclear cells were assayed with a validated LC-MS/MS method, as previously described [34, 35] . The lower limit of quantification (LOQ) was 2.5 fmol/sample for TFV-DP and 0.1 pmol/sample for FTC-TP.
FTC nanosuspension formulation
FTC nanoformulation was prepared using the wet milling technique. Glass beads of three diameters (0.5 μm-0.75 μm, 0.75 μm-1 μm and 1 μm-1.3 μm) were added to a glass vial in 1:1:1 ratio. 10% w/v aqueous solution of Polysorbate 80 and 10% w/v aqueous solution of Pluronic F108 were prepared. Polysorbate 80 and Pluronic F108 were used as a hydrophilic nonionic surfactant to maintain colloidal stability. FTC was weighed and added to the vial containing the glass beads such that each ml of the suspending media contained 1 g of FTC. Equal volumes of 10% polysorbate 80 and 10% Pluronic F108 were further added to the vial. The mixture was further diluted two times with deionized (DI) water and stirred using magnetic stirrers for 36 h at 1600 rpm. FTC nanosuspensions after being stirred for 36 h were diluted using DI water to obtain a final concentration of 0.4 g/ml. The size and zeta potential were assessed to determine stability via dynamic light scattering (DLS) using Zetasizer Nano ZS (Malvern, Worcestershire, UK) whereby the size ranged from 256 to 387 nm and zeta potential of −37 t0-48 mV over several weeks.
Transcutaneous refilling procedure
Anesthetized animal was placed in ventral recumbency on the surgical table and dorsum area was prepared using chlorhexidine scrub and solution. Palpable ports on the NDI enabled accurate placement of a venting syringe in the venting port, while solution-filled syringe was placed in the adjacent port. Drug residue was extracted from the venting port, creating a negative pressure in the reservoir, which produced a suction effect to facilitate washing or refilling from the drug loading port. Residual TAF was flushed out using 100% ethanol three times, followed by three flushes with 50% ethanol. TAF was solubilized in 50% ethanol in 1 X PBS (230 mg/ml) and used to replenish the reservoir with three consecutive injections of TAF solution (550 μl each). Residual FTC was flushed out with sterile water five times, followed by three consecutive injections of FTC nanoformulation solution (0.4 mg/ ml; 6 ml each) into the reservoir. All solutions flushed out from the device were collected and analyzed via LC-MS/MS. NDI-FTC in all three NHPs were transcutaneously refilled. For the 2-year old macaque, NDI-TAF refilling occurred transcutaneously, while for the two older macaques (15 and 19 years old) that developed age-related wound-healing issues around the implant site, refilling was performed ex vivo prior to device re-implantation.
Ultrasound analysis
SonoSite 180 Plus ultrasound device (SonoSite, Bothell, WA) was used for ultrasound analysis of NDI subcutaneously implanted in a cadaveric Yorkshire pig (70 kg). Ultrasound transmission gel, Aquasonic 100 (Fairfield, NJ) was used during ultrasound analysis.
Histological analysis
Tissues were fixed in 10% buffered formalin, embedded in paraffin, cut into 5 μm sections and stained with hematoxylin & eosin (H&E) at the Research Pathology Core of Houston Methodist Research Institute (HMRI), Houston, TX, USA.
Statistical analysis
GraphPad Prism 7 (version 7.0a; GraphPad Software, Inc., La Jolla, CA) was used to plot all graphs and perform statistical analyses. Data are represented as mean ± SEM or median and interquartile range (IQR) between the first (25th percentile) and third (75th percentile) quartiles.
Results
Nanochannel delivery implant
We designed the NDI as a transcutaneously refillable drug-eluting implant for TAF and FTC release (Fig. 1) . The NDI utilizes a silicon nanochannel membrane to control drug diffusion from its reservoir. Nanochannels are densely packed, geometrically organized in arrays and connected to the membrane surface via inlet and outlet microchannels (Fig. 1A-C) . Although drugs are ultimately released through microchannels, nanochannels represent the bottleneck in the transmembrane transport, and their dimension and number control the rate of release. Drug delivery is driven by a difference in concentration and its rate regulated by electrostatic and steric hindrance effects in nanoconfinement [28, [36] [37] [38] . Specifically, at increasing level of confinement, molecules diffusing through nanochannels are subjected to enhanced electrostatic interactions with the channel surfaces. This generates a saturated diffusive transport that is quasi-independent from the concentration gradient [30, 39, 40] . As such, sustained and constant drug delivery is achieved without pumps, catheters, or clinician intervention. By adopting a refined sacrificial layer microfabrication technique, silicon membranes with monodisperse 20 and 250 nm slit-nanochannels (3 μm in width and 1 μm in length) were achieved with dimensional tolerances of~4.4 Å. This was determined via ImageJ software analysis of TEM micrographs of the channel corss section. A total number of 340,252 and 1,900,800 nanochannels were generated for the 20 and 250 nm membranes, respectively. Membrane degradation testing coupled with atomic force microscopy (AFM) and Energy Dispersive X-ray Spectroscopy (EDX) showed that the TaN/SiC coating provided bioinertness and protected membranes from degradation in PBS under accelerated conditions (90°C) over 60 days, as well as at 23°C over 5 years ( Fig. 1D-F) . Similar surface morphology and roughness were detected by AFM for the 5 year samples as compared to fresh controls (Fig. 1D, E) . EDX highlighted the same surface elements indicating that the membrane layers underneath the TaN/SiC coating were not exposed by degradation (Fig. 1F) . These results indicate that the membrane is chemically inert and resilient, as required for refillable drug delivery implants. Further, the NDI incorporates drug-loading ports to allow for transcutaneous drug refilling, which obviates the need for device explantation to replenish drug (Fig. 1G) . The implantable grade silicone ports were shown to be mechanically robust and self-sealing after piercing with needles. In this context, nitrogen flow testing performed with 15 psi differential pressure after repeated piercing with 25 and 30 gauge needles showed no leakage for > 20 and > 30 sequential piercing (n = 6 for each needle size), respectively. All components of the NDI including the drug reservoir (implantable grade Ti6Al4V titanium and silicone plugs) and the nanochannel membrane (composed of silicon, silicon nitride and silicon carbide (SiC)), have been identified as biocompatible [41] [42] [43] .
Pilot in vitro and in vivo study of NDI-ARV
The nanochannel size was selected by accounting for the physicochemical properties of the drug molecules, by adopting an algorithm that we previously developed via experimental release testing of different drugs [28] . Additionally, we accounted for the drug formulation, which in this study was chosen to be in powder form with the purpose of maximizing stability and minimizing volume of the NDI. To determine the release rates, in vitro TAF and FTC release from NDIs with 20 nm nanochannel membranes were evaluated over 24 h. Each NDI was filled with either powder TAF (NDI-TAF) or FTC (NDI-FTC). In vitro cumulative release profiles exhibited constant release kinetics, whereby TAF ( Fig. 2A) achieved a cumulative release of 0.21 ± 0.03 mg, while FTC (Fig. 2B) reached a cumulative release of 2.67 ± 0.35 mg.
To evaluate preliminary safety and drug delivery efficacy of the NDI, we performed a pilot study where we subcutaneously implanted three NDIs into a rhesus macaque. Each NDI was filled with either powder TAF (NDI-TAF), powder FTC (NDI-FTC), or sterile phosphate buffered saline solution (NDI-PBS), respectively. NDI-TAF and NDI-FTC were implanted for 22 days for drug delivery analysis, whereas NDI-PBS was implanted for 60 days to evaluate long term impact of the subcutaneous implant. To compare the differential drug distribution and accumulation, TAF, TFV and FTC concentrations were measured in plasma and mucosal tissues namely, rectal, urethral and oral swabs. Throughout the 22 days of subcutaneous drug delivery from the NDI, we observed sustained levels of plasma TAF (median 0.10 ng/ml; IQR, 0.07 to 0.2 ng/ml) and FTC (median 12.9 ng/ml; IQR, 9.1 to 19.5 ng/ ml), while plasma TFV levels were below the lower limit of quantification (LOQ) (Fig. S1A) . Rectal, urethral, and oral swabs samples demonstrated varying levels of TAF, TFV, and FTC over a period of 22 days (Fig. S1B) . Consistent with the TAF metabolic pathway, rectal, urethral and oral samples displayed sustained levels of TFV compared to TAF. In line with literature reports, TFV level (median 0.9 ng/ml; IQR, 0.1 to 1.3 ng/ml) in rectal mucosa was higher than FTC (median 0.06 ng/ml; IQR, 0.03 to 0.3 ng/ml) [44] . FTC concentration was lower than TFV in urethral tissue, but higher than TFV in oral samples. Notably, TFV levels were still detectable on day 30 in rectal, urethral, and oral swab samples after device explantation. Plasma drug levels indicate sustained drug exposure, whereas intracellular drug concentrations are critical for inhibition of viral replication. Intracellular TFV-DP and FTC-TP concentrations in PBMCs were analyzed as a measure of drug delivery efficacy. As early as day 3 after implantation of NDI, TFV- DP concentration in PBMCs reached the preventative target (Fig. S2) (Fig.  S3A, B) . These results indicate that larger nanochannel size and number and drug reservoir size would be needed for greater and longer release of FTC. TAF was released from the NDI at an estimated rate of 1.8 mg/ day, while FTC was delivered at 3.0 mg/day in vivo (Fig. S3C) . Consistent with previous studies [38, 45] , residual drug analysis demonstrated that in vivo release rate from the NDI was substantially higher than the in vitro release rate. This is particularly evident for TAF, which presents 80% protein binding affinity [46] . As such, higher release rates can be attributed to factors such as the enhanced solubilization in physiological conditions in the presence of proteins such as albumin. Albumin and other biological molecules can permeate the implant reservoir and shuttle TAF across the membrane into the body. No adverse skin reactions occurred throughout the duration of the 60-day implantation of NDI-PBS. Histology sections of skin punch biopsies of tissue adjacent to the implanted devices 3 weeks after implantation revealed minimal immune cell infiltration and inflammation ( Fig.  S4A-D) .
Pharmacokinetic profile of TAF, TFV and FTC concentrations in plasma over 70 days
We next sought to extend NDI-facilitated drug release to 90 days in vivo. In this study, we utilized an elongated design of the NDIs with larger drug reservoirs, incorporating two loading ports with resealable silicon plugs (one for drug-loading and the other for venting) to allow for transcutaneous refilling upon drug depletion from reservoir (Fig. 1G) . Further, as FTC-TP concentration in PBMCs in our pilot study did not reach preventative target, the new NDI-FTC implant was assembled with a 250 nm nanochannel membrane (as opposed to 20 nm) to facilitate a higher dose release. An FTC in vitro release study confirmed~8-fold enhanced release corresponding to a rate of 21.38 mg/ day with the 250 nm nanochannel membrane (Fig. S5) . The same 20 nm nanochannel membrane as in the pilot study was adopted for NDI-TAF. Next, using these newly designed NDIs, we conducted a study with three rhesus macaques to evaluate NDI-facilitated drug release for approximately 3 months. NDIs were loaded with powder drug, and each animal was subcutaneously implanted with one NDI-TAF and NDI-FTC. Drug delivery efficacy from the NDI was evaluated using the pharmacokinetic profile of TAF, TFV and FTC in plasma, TFV-DP and FTC-TP in PBMCs and rectal mononuclear cells, TFV and FTC in the rectum, cheek pouch, cervix, inguinal lymph node (LN) and cervicovaginal fluid. Over the course of 70 days (pre-transcutaneous refilling), we observed increasing plasma levels of both TAF (median 0.1 ng/ml; IQR, 0.05 to 0.5 ng/ml) and TFV (median 3.5 ng/ml; IQR, 1.9 to 7.2 ng/ml). Consistent with published report, we detected higher plasma TFV levels relative to TAF, which could be attributed to TAF metabolism to TFV [24] . On the contrary, while FTC was detected in the plasma (median 390.3 ng/ml; IQR, 107.1 to 655.7 ng/ml), we observed a declining trend from day 3 to 70 ( Fig. 3) , possible due to its short plasma half-life of 8 to 10 h [47] .
Pharmacokinetic profile of TFV-DP and FTC-TP in PBMCs and rectal mononuclear cells
The drug concentrations in plasma samples showed efficient release of TAF and FTC from the NDIs. To determine if target preventative concentration was achieved, we analyzed TFV-DP and FTC-TP levels in PBMCs on a weekly basis as a surrogate indicator of drug exhaustion from NDI reservoir, to gauge when to perform transcutaneous refilling (Fig. 4) . Subcutaneous delivery of TAF and FTC from the NDI resulted in conversion into active intracellular metabolites, TFV-DP and FTC-TP, respectively, at the first sampling time point (day 3 after implantation). TFV-DP levels in PBMCs reached target preventative levels as early as 3 days after implantation, and continued to increase from a mean of 71. 7 ± 29.7 to 533.3 ± 198.4 fmol/10 6 PBMCs over a period of 70 days (pre-transcutaneous refilling) (Fig. 4) . This gradual accumulation observed is consistent with the long intracellular half-life of TFV-DP (150 h), as seen in clinical studies [25, 48] . TFV-DP exposure in rectal mononuclear cells was lower than in PBMCs, ranging from a mean of 37.0 ± 21.4 to 105.8 ± 47.2 fmol/10 6 cells over the course of 70 days (Fig. 5) . As for FTC-TP, despite increasing nanochannel and reservoir size for this study, target preventative levels were not reached. Sustained levels of FTC-TP in PBMCs were detected from day 3 to day 28 (1223.7 ± 416.8 to 1656.7 ± 290.8 fmol/10 6 PBMCs), followed by a steady decline to 343.3 ± 102.9 fmol/10 6 PBMCs on day 70. In contrast to plasma FTC levels, the decreasing trend in FTC-TP PBMCs level was not observed until after day 28, possibly because of the longer 
Transcutaneous refilling of the NDIs to replenish reservoir
Because the consecutive decrease in FTC-TP concentrations after day 28 was likely due to drug exhaustion, transcutaneous refilling of all NDI implants was performed on day 70 to replenish the drug reservoir. As transcutaneous refilling of the NDI required drug in solution, we formulated a nanosuspension solution of FTC with Tween 80 and Pluronic F108 as surfactants, while TAF was solubilized with ethanol in PBS. FTC nanoformulation stability analyzed over 42 days via DLS showed that particle size changed from 387 nm with a zeta potential −37 mV to 256 nm with a zeta potential of −48 mV, indicating reasonable level of stability. The primary purpose of the formulations was to ensure syringeability and injectability of the drug for transcutaneous refilling of the NDI. On day 70, these TAF and FTC solutions were used to transcutaneously refill the reservoir through the ports (Figs. 1D and  6A ). The ports were located by palpation of the skin, and a venting syringe was placed in the venting port to draw out excess drug, while drug-filled syringe was placed in the adjacent port to replenish drug reservoir as depicted in Fig. 6B . In the scenario where the ports are not palpable under the skin, ultrasonography can be performed to visualize the ports. To test this, we subcutaneously implanted an NDI in a pig cadaver and performed ultrasound to visualize the ports (Fig. 6C) . For this study, because the ports were palpable, ultrasound was not required for the transcutaneous refilling procedure. Based on the amount of residual drug retrieved from implants on day 70, we calculated average in vivo release rates of 1.7 mg/day for TAF and 41.8 mg/day for FTC (Table S2) . While a comparable release rate (1.8 mg/day) was previously obtained for TAF during the pilot study (Fig. S3) , significantly higher values were achieved for FTC using 250 nm membranes, as compared to the pilot study with 20 nm channels (3.0 mg/ day). By comparing in vitro and in vivo results, an increase of 8.1-fold in release was calculated for TAF, while a 15.7-fold increase was observed for FTC. Notably these data correlate well with TAF hydrophobicity and FTC hydrophilicity (logP at pH 7.4 = 2.24 and − 0.73, respectively), and binding affinity to plasma proteins (80% and < 3.6%, respectively) [46, 49] . These results support our hypothesis that plasma molecules such as albumin, α1-acid glycoprotein and lipoproteins may contribute to shuttle TAF from the NDI reservoir to the body.
TAF, TFV and FTC concentrations after transcutaneous refilling
Two days after transcutaneous drug refilling of the NDIs, plasma TAF, TFV, and FTC levels increased to 1.2 ± 1.1, 10.5 ± 7.8, and 507.3 ± 101.9 ng/ml respectively (Fig. 3) . Accordingly, analysis of PBMCs drug metabolite concentration demonstrated TFV-DP increased to a mean of 2490.0 ± 1295.5 fmol/10 6 cells, while FTC-TP levels increased to mean of 1557.0 ± 360.6 fmol/10 6 cells (Fig. 4) . While the increase in drug concentrations are indicative of successful refilling of the drug reservoirs, both TFV-DP and FTC-TP levels steadily declined two days after transcutaneous refilling (day 76, 78 and 83). We surmise that the decreased drug concentration could be attributed to the change from powder drug to drug in solution, which is lower in concentration and also could have encountered stability issues. At the end of study, rectal mononuclear TFV-DP levels reached a mean of 594.6 ± 569.2 fmol/10 6 cells whereas FTC-TP levels reached 731.6 ± 357.1 fmol/10 6 cells (Fig. 5) . We then evaluated TFV and FTC drug concentrations in anatomical sites associated with HIV infection where PrEP drug exposure is important, rectum, cheek pouch, cervix, and inguinal lymph nodes (LN), at the end of the study (Fig. 7A) . Our analysis revealed TFV and FTC exposure in the rectum, cheek pouch, cervix, and inguinal LN, indicating subcutaneous drug delivery from the NDI facilitated drug distribution to various HIV-associated anatomical compartments. We observed 8-fold lower TFV levels in the cervix in comparison to rectal tissue, consistent with literature reports of lower TFV drug exposure in female genital tissues [44, 50, 51] . In contrast, FTC concentrations were consistently higher than TFV levels across all tissues, specifically 9-fold higher in the rectum, in accordance with previous studies [44, 51] and 22-fold higher in cervical tissue. Analysis of cervicovaginal fluid showed higher FTC concentrations across all time points compared to TFV, whereby TFV concentrations in the cervicovaginal fluid were detectable only on day 42 and 56 of the study (Fig. 7B) . While TFV and FTC were detected in the rectum and cheek pouch tissues at the end of the study, rectal and oral fluid samples collected concurrently with cervicovaginal fluid were below LOQ (data not shown) with the exception of FTC concentration in the rectal swabs on day 42 (55.8 ± 10.2 ng/ml).
Toxicity of NDI implantation and histological analysis of tissue surrounding implant
All animals were healthy after device implantation. In the second study, one of three animals developed swelling around both NDI devices ten days post-implant. Pathology report on the serosanguineous fluid surrounding the implant showed elevated eosinophils, while complete blood count analysis demonstrated no systemic eosinophilia or signs of infection. This finding was consistent with seroma formation, which is commonly seen after implantation of medical devices [52, 53] . The swelling resolved a week later, suggesting that the reaction was unlikely due to titanium allergy. Eight weeks after NDI implantation, one animal developed sterile dehiscence of the incision site over NDI-TAF. Surgery was performed to close the wound. On day 70, skin ulceration over NDI-TAF implants were revealed on two animals upon sterile scrubbing in preparation for transcutaneous refilling. Other than the aforementioned events, there were no additional significant abnormalities or notable toxicity issues. Histological analysis of punch biopsy of skin adjacent to NDI-TAF (Fig. 8A ) and NDI-FTC (Fig. 8B ) implant showed normal skin morphology. At the end of the study, there was minimal inflammation in the fibrotic capsule of NDI-TAF (Fig. 8C) , despite the aforementioned issue of dehiscence of the incision site in two animals. Conversely, histological analysis of fibrotic capsules surrounding the NDI-FTC displayed some immune cell infiltration on the surface adjacent to the drug-releasing side of the NDI on two animals (Fig. 8D) . As this reaction was not observed in the pilot study, it is plausible that the reaction could be attributed to the nanosuspension formulation of FTC used for reservoir refilling. SEM analysis of the membrane retrieved from NDI-PBS showed minimal channel occlusion after 60 days of implantation (Fig. 8E) , confirming that channels remain unobstructed.
Discussion
TFV and FTC are effective at conferring protection from HIV transmission when adhered to daily dosing regimen. However, adherence remains an obstacle for effective HIV PrEP. Here we developed a sustained drug delivery implant for long-term release of TAF and FTC for HIV PrEP to overcome adherence challenges. We utilized TAF in our study due to its potent antiviral activity at 25 to 30-fold lower dose (10-25 mg) than TDF (300 mg). A 25 mg dose of TAF resulted in 5 times more intracellular TFV-DP and reduced systemic TFV exposure, when compared to a 300 mg TDF dose [54] . Though both TAF and TDF have similar HIV resistance profile, TAF has a higher inhibitory quotient and its resulting TFV-DP concentration in PBMCs diminishes the risk of developing resistance throughout the course of PrEP [55, 56] . Evidently, superior antiviral efficacy is achieved with low doses of TAF, thus allowing for compatibility in long-term drug delivery systems. While TAF and FTC are conventionally administered orally, research demonstrates comparable efficacy of subcutaneous TAF and FTC administration [24, 51, 57] . A study of subdermal implant for long-term TAF delivery in beagle dogs indicated that subcutaneous doses as low as 0.15 mg/day may be sufficient to maintain effective concentrations of TFV-DP in PBMCs [24] . Further, daily subcutaneous injections of FTC (20 mg/kg) and TFV (22 mg/kg) were demonstrated to protect against rectally transmitted SHIV in rhesus macaques [57] . Here we showed that subcutaneous TAF and FTC delivery via the NDI was achieved in rhesus macaques for more than two months, validating the use of the NDI as an effective drug delivery platform for HIV PrEP.
As TFV-DP and FTC-TP concentrations in PBMCs are clinically accepted parameters for approximating threshold protective drug levels, we primarily focused on these active drug metabolites to determine the achievable drug concentrations via NDI-mediated drug delivery in rhesus macaques. We reported that subcutaneous delivery of TAF via the NDI was able to maintain TFV-DP PBMCs levels up to 12 times more than the preventative target of 40 fmol/10 6 cells over the course of 83 days. This suggests that sustained delivery via the NDI could allow for dose reduction of TAF. The long-lasting intracellular TFV-DP levels observed in rhesus macaques in our study were akin to levels seen in clinical studies, whereby average intracellular TFV-DP concentration ranged from 80 to 160 fmol/10 6 cells [25, 58] . Based on the increasing TFV-DP concentration in PBMCs over 70 days before drug refilling, it is conceivable that TAF release via the NDI could be sustained above preventative target concentration without transcutaneous refilling for at least six months. Preventative levels of FTC-TP were not achieved in our study, likely due to the high dosage required of FTC, which presents a significant limitation for drug delivery implants. An important factor for protection against HIV is sufficient drug distribution to tissues relevant for viral transmission. We demonstrated varying but sustained levels of TAF, TFV and FTC in plasma and TFV-DP and FTC-TP exposure in rectal mononuclear cells (with the exception of FTC-TP on day 70) throughout the duration of study. Our results showed TFV and FTC drug penetration in the rectum, cheek pouch, cervix, and inguinal LN (Fig. 7B) , further validating effective drug distribution from subcutaneous delivery via the NDI. Existing drug-eluting systems have a finite depot and lack methods for refilling upon payload exhaustion. We reported here a minimally invasive procedure to transcutaneously refill the NDI without device explantation, thereby extending the release duration of ARVs. This extension of drug release duration allows for the implants to potentially be utilized for many years. Drug loading ports in the NDIs were palpable under the skin in this study, allowing for transcutaneous refilling without requiring additional imaging technology to locate the ports.
Considering the scenario that the ports may not be palpable, the ports can be visualized via ultrasound imaging, which is widely used in developed countries and a more accessible type of imaging modality in developing countries. After the transcutaneous refilling procedure, we observed increase in plasma TAF, TFV and FTC levels, along with rise in TFV-DP and FTC-TP levels in PBMCs and rectal mononuclear cells. The transient spike observed in TFV-DP and FTC-TP concentrations in PBMCs on day 72 could be attributed to the change from powder drug to drug in a liquid solution for transcutaneous refilling. The NDI implant was loaded with powder drug before implantation, which required dissolution in PBS (during priming of the device prior to implantation) and in physiological fluids (after implantation) over time before being released from the nanochannels. Because solubilized drug was used for transcutaneous refilling, it is possible that faster release from the NDI occurred, resulting in a spike in PBMCs concentration of TFV-DP and FTC-TP on day 72. The steep decline of TFV-DP levels observed two days after transcutaneous refilling was conceivably due to stability issues from the TAF drug formulation in solution. Similarly, we detected that FTC-TP levels gradually decreased two days after transcutaneous refilling, also potentially due to drug stability. As such, extensive formulation studies are required to improve drug stability in solution.
Our study showed that the NDI could be an effective approach for delivering TAF-based HIV PrEP, as indicated by the clinically relevant TFV-DP concentration in PBMCs and drug exposure in tissues relevant to HIV transmission. This is relevant as PrEP with TDF alone was effective in sero-discordant couples [4] . While our results are encouraging, the study is not without limitations. Despite efforts to augment FTC levels by increasing reservoir and nanochannel size in our second study, the failure to achieve clinically-relevant preventative target portend the limitations of subcutaneous delivery of FTC via the implants. Although FTC is a broadly used ARV in dual drug combination strategies for HIV treatment and prevention, a major disadvantage is the large volume distribution required and short plasma half-life of 8 to 10 h, which necessitates a high daily dosage [47] . Because of this, the drug reservoir for FTC would need to be substantially larger, in addition to adoption of a membrane housing at least three times the number of nanochannels to achieve the desired dose. As such, the size required of the device for effective delivery of FTC itself as an active pharmaceutical ingredient without further formulation development would be impractical for subcutaneous implants. Numerous research groups are currently exploring approaches to extend FTC plasma half-life, such as investigation of nanocarrier-based formulations to enhance FTC loading and prolong intracellular FTC concentration [47] . In the second study, we encountered an issue with wound dehiscence over the smaller implant, NDI-TAF, which could be attributed to the age of the animals. As this occurred in the two geriatric animals, and not the younger animal, it is also possible that the implant design created a tension under the skin of the older animals, which is less elastic. This is an additional parameter to consider for subcutaneous implant design and procedures. Further, additional studies are needed to validate the preventive efficacy of the NDI-facilitated PrEP delivery using simian HIV challenge models. The clinical translation value of the NDI as a PrEP drug delivery system could be improved with a more potent formulation of FTC and with a dual chamber depot in a single device. Moreover, we are currently developing a refined drug delivery implant that can be controlled remotely via Bluetooth to tune the release of drugs via modulation of an applied electrical field to the nanochannel membrane as well as a safety mechanism for ceasing drug release via an external magnetic field [59-61].
Conclusions
Overall, our data establishes the NDI implant as an effective drug delivery approach to overcome one of the key obstacles in HIV prevention -adherence to daily dosing regimens. Sustained release of ARVs via the NDI implant could eliminate PrEP drug adherence issues and tailor to the needs of populations with limited access to PrEP drugs, such as adolescents and people at risk of HIV infection living in lowincome countries [62] [63] [64] . Further, the transcutaneous refillable feature of the NDI represents an innovative approach to extend the duration of PrEP drug delivery, which is a significant limitation of conventional long-acting drug implants such as polymer pellets, osmotic pumps, and vaginal rings [23] . This implantable drug delivery device offers the convenience of user-independence, biocompatibility, and refillability without explantation, which could increase the acceptance rate for implantable devices. Greene et al. demonstrated in a cohort of MSM, the acceptance rate of non-visible implants was markedly higher than injections or visible implants (34.3% versus 25.2% and 4.3%, respectively) [65] . Moreover, the opportunity to extend the dosing interval from 1 week to 3 months with long-acting injectables, or to 12 month for a refillable implant would be advantageous to reduce the risk of patient non-adherence to PrEP [66] . A straightforward refilling procedure would also reduce the stress to the patient and the injection site reactions, which have been relevant in the phase 2 studies of longacting ARVs such as cabotegravir and rilpivirine [67] . Most importantly, the broad drug compatibility of the NDI device could be extended for delivery of other HIV PrEP treatment regimens or other drugs for different clinical indications. In a large scale fabrication setting, all implant components including the nanochannel membrane, could be produced inexpensively, to the extent that this technology could be promising for deployment in underdeveloped countries. In this context, both sustained release and transcutaneous refilling capabilities could be key in addressing the need of patients with limited access to medical services as well as adherence issues.
Author contributions
CCYX coordinated the second animal study, prepared the figures and manuscript. PJ performed in vitro HPLC analysis, NDI assembly and helped with the second animal study. PJ and RLH coordinated the pilot study. RLH, GB and AG designed the NDIs. AG and RCA conceived the study. AB, RLH, and AG contributed to the experimental design. CCYX, AB, and AG analyzed the data. MG, MH provided the FTC nanoformulation while GS provided residual drug analysis via LC-MS/MS. KS performed the animal experiment, including device implantation and transcutaneous refilling. PN processed the samples collected from the animals. PLA and LRB analyzed PBMCs and rectal mononuclear cells. MAM analyzed plasma, tissues and cervicovaginal fluid samples. MF performed the histological analyses. The manuscript was revised by AB, CSF, KS, LB, MAM, PLA, PN, RCA, KJS and AG.
Funding
This work was supported by NIHR01 AI120749-01A1 and start-up funds from Houston Methodist Research Institute (AG).
Conflict of interest
AG discloses a financial interest in NanoMedical Systems, Inc. PLA receives grants and contract work from Gilead Sciences, paid to his institution. All other authors declare no conflict of interest.
